Inhibition of VLDL secretion reduces plasma levels of atherogenic apolipoprotein B (apoB) lipoproteins but can also cause hepatic steatosis. Approaches targeting apoB synthesis, which lies upstream of VLDL secretion, have potential to effectively reduce dyslipidemia but can also lead to hepatic accumulation of unsecreted triglycerides (TG). Here, we found that treating mice with apoB antisense oligonucleotides (ASOs) for 6 weeks decreased VLDL secretion and plasma cholesterol without causing steatosis. The absence of steatosis was linked to an increase in ER stress in the first 3 weeks of ASO treatment, followed by development of ER autophagy at the end of 6 weeks of treatment. The latter resulted in increased fatty acid (FA) oxidation that was inhibited by both chloroquine and 3-methyl adenine, consistent with trafficking of ER TG through the autophagic pathway before oxidation. These findings support the concept that inhibition of apoB synthesis traps lipids that have been transferred to the ER by microsomal TG transfer protein (MTP), inducing ER stress. ER stress then triggers ER autophagy and subsequent lysosomal lipolysis of TG, followed by mitochondrial oxidation of released FA, leading to prevention of steatosis. The identification of this pathway indicates that inhibition of VLDL secretion remains a viable target for therapies aiming to reduce circulating levels of atherogenic apoB lipoproteins.
Introduction
Dyslipidemia, the most common atherogenic lipid disorder, is characterized by increased production of VLDL, leading to high plasma levels of triglycerides (TG) and small, dense LDL and reduced concentrations of HDL cholesterol (1) . Inhibition of the assembly and secretion of VLDL by the liver would have beneficial effects on all of these abnormalities but could worsen the hepatic steatosis that is commonly associated with dyslipidemia (2, 3) . Secretion of VLDL requires both synthesis of apolipoprotein B (apoB) and microsomal TG transfer protein-mediated (MTP-mediated) delivery of surface and core lipids to nascent apoB during its cotranslational translocation across the ER (4) . Both apoB and MTP are logical targets, therefore, for treatments to prevent cardiovascular disease by reducing the assembly and secretion of VLDL, the precursor of LDL (5, 6 ). An antisense oligonucleotide (ASO) against apoB has been approved for the treatment of patients with homozygous familial hypercholesterolemia (HoFH) and is effective at lowering plasma apoB and LDL-C levels (7) . A small-molecule inhibitor of MTP has also been approved for patients with HoFH (8) . Although it is unclear from early clinical trials whether one of these approaches will cause less steatosis than the other, we were intrigued by studies in rodents indicating that ASOmediated inhibition of apoB synthesis (9, 10) did not cause hepatic steatosis, whereas steatosis had been observed with both an ASO directed against MTP and small-molecule inhibitors of MTP activity (10) (11) (12) . Here, we report that ASO-mediated inhibition of apoB synthesis, but not MTP, results in the accumulation of lipid in the ER, causing ER stress that, in turn, stimulates ER autophagy. The latter mediates lysosome-directed fatty acid (FA) oxidation of the ER lipids, thereby preventing steatosis. Our results indicate that inhibition of apoB synthesis or secretion should continue to be a target for the treatment of atherogenic dyslipidemia.
Results
In vivo hepatic TG and apoB secretion was reduced to a similar extent by MTP and apoB ASO treatment. apobec-1-KO mice, which synthesize and secrete only apoB100, were placed on a high-fat diet (HFD) for 6 weeks and then injected for an additional 6 weeks with scrambled (control), MTP, or apoB ASOs (50 mg/kg biweekly i.p.). ASOs against either MTP or apoB selectively reduced mRNA levels of each by 80% and 97%, respectively, after 6 weeks (Figure 1A) . Knockdown of MTP and apoB was specific to the liver; small intestinal expression of Mttp and Apob was not significantly reduced after 6 weeks of ASO treatment ( Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI86028DS1). There was no significant effect of either MTP or apoB ASO on BW (data not shown).
TG secretion was reduced similarly (70%-85%) with either MTP or apoB ASO compared with control ASO TG secretion (Figure 1B) . The decreased secretion of TG was associated with 60% to 80% reductions in apoB100 secretion in the MTP ASO-and apoB ASO-treated groups, respectively ( Figure 1C ). The similar reductions in TG and apoB secretion indicated that each treatInhibition of VLDL secretion reduces plasma levels of atherogenic apolipoprotein B (apoB) lipoproteins but can also cause hepatic steatosis. Approaches targeting apoB synthesis, which lies upstream of VLDL secretion, have potential to effectively reduce dyslipidemia but can also lead to hepatic accumulation of unsecreted triglycerides (TG). Here, we found that treating mice with apoB antisense oligonucleotides (ASOs) for 6 weeks decreased VLDL secretion and plasma cholesterol without causing steatosis. The absence of steatosis was linked to an increase in ER stress in the first 3 weeks of ASO treatment, followed by development of ER autophagy at the end of 6 weeks of treatment. The latter resulted in increased fatty acid (FA) oxidation that was inhibited by both chloroquine and 3-methyl adenine, consistent with trafficking of ER TG through the autophagic pathway before oxidation. These findings support the concept that inhibition of apoB synthesis traps lipids that have been transferred to the ER by microsomal TG transfer protein (MTP), inducing ER stress. ER stress then triggers ER autophagy and subsequent lysosomal lipolysis of TG, followed by mitochondrial oxidation of released FA, leading to prevention of steatosis. The identification of this pathway indicates that inhibition of VLDL secretion remains a viable target for therapies aiming to reduce circulating levels of atherogenic apoB lipoproteins.
Inhibition of apolipoprotein B synthesis stimulates endoplasmic reticulum autophagy that prevents steatosis ment resulted in the secretion of fewer, but similar-sized, VLDL particles as compared with the control. Plasma TG levels, which are very low in apobec-1-KO mice, were not altered by either apoB or MTP ASO treatment, but plasma cholesterol was significantly decreased with apoB ASO treatment ( Figure 1D ). This decrease was primarily in HDL cholesterol and present at both 3 and 6 weeks. Changes in HDL cholesterol levels were not associated with changes in either plasma apoA-I levels or hepatic levels of SR-B1 and ABCA1 (Supplemental Figures 2-5) .
Worsening of hepatic steatosis occurred with 6-week MTP ASO treatment but not 6-week apoB ASO treatment. Despite similar decreases in the quantity of TG and the number of VLDL particles secreted during ASO treatments, knockdown of MTP for 6 weeks was associated with a 2.1-fold increase in liver TG concentrations compared with that detected in mice treated with control ASO, whereas knockdown of apoB was not associated with greater steatosis than that seen in controls ( Figure 1E ). As expected for mice consuming an HFD for 12 weeks, oil red O staining demonstrated 35 S-methionine. Blood samples were obtained over the next 120 minutes. TG levels in plasma were measured enzymatically. N = 4-5 per group. (C) apoB was isolated by 4% SDS-PAGE from the 120-minute plasma samples in the Triton studies described in B, bands were cut, and radioactivity was quantitated by scintillation counting. Results are displayed as cpm in plasma relative to control ASO. The quantity of plasma loaded was adjusted for TCA-precipitable cpm. N = 5-6 per group. *P < 0.05 versus control ASO-treated group, by ANOVA. (D) TG and cholesterol levels were measured enzymatically in plasma from mice bled after a 4-hour fast. N = 12-15 per group. TC, total cholesterol. (E) Liver TG was extracted from mice treated with control ASO, MTP ASO, or apoB ASO for 6 weeks. Liver TG levels were measured enzymatically and normalized to liver protein. N = 12-15 per group. Groups with different letters above the bars are significantly different from the others at P < 0.05, by ANOVA. (F) Representative images from 5-μm liver sections that were stained for neutral lipid using oil red O. Original magnification, ×400. All values represent the mean ± SD. (A and D) *P < 0.05 versus control ASO-and MTP ASO-treated groups, by ANOVA; **P < 0.01 versus control ASO-and apoB ASO-treated groups, by ANOVA. jci.org Volume 126 Number 10 October 2016
BSA-bound 14 C oleic acid (OA) (Figure 2 , C-E). Knockdown of either MTP or apoB was not associated with significant changes in the expression of genes related to lipid oxidation ( Figure 2F ). We assessed FA oxidation directly in cultured primary hepatocytes isolated from control ASO-and apoB ASO-treated mice (we were unable to isolate viable primary hepatocytes from MTP ASOtreated mice due to the extreme degree of steatosis in those cells). There was no significant difference in the amount of 14 CO 2 plus 14 C acid-soluble metabolites (ASMs) produced during 2 hours of labeling with 14 C OA between primary hepatocytes isolated from apoB ASO-and control ASO-treated mice ( Figure 2G ). There was also no difference in total plasma ketone concentrations between the control ASO-, MTP ASO-, and apoB ASO-treated mice ( Figure   3 H 2 O into hepatic FAs showed no significant difference across the 3 treatment groups after 6 weeks of ASO treatment ( Figure 2 , A and B). Congruent with this observation, Lee et al. reported reductions in the expression of lipogenic genes after several weeks of treatment of C57Bl/6J mice with the same apoB ASO that we used, but when DNL was measured biochemically in vivo, those investigators observed no significant difference between apoB ASO-and control ASO-treated mice (10) .
We observed significant decreases in the expression of several genes associated with FA uptake from plasma in apoB ASO-treated mice, but there were no differences in the in vivo uptake of plasma FAs among the 3 groups, as indicated by both the similar rates of FA clearance from plasma and the hepatic uptake of i.v.-injected indicating that the increase in LC3-II protein in apoB ASO-treated mice was due to increased autophagosome formation and not to a defect in autophagic flux (14) ( Figure 3B ). We next performed immunofluorescence staining on 5-μm liver sections from control ASO-, apoB ASO-, and MTP ASOtreated mice: total LC3 staining was increased only in the apoB ASO-treated livers ( Figure 3C ). In contrast, MTP ASO-treated livers, despite the presence of marked steatosis, did not have increased LC3 staining; this may have been due to the HFD the mice were consuming, which can inhibit autophagy (15) . Increased LC3 staining in apoB ASO-treated liver sections was perinuclear, indicative of the presence of more mature autolysosomes ( Figure  3C ) (16) . There was a marked increase in LC3 staining in primary hepatocytes isolated from apoB ASO-treated mice as compared with that seen in primary hepatocytes from control ASO-treated mice ( Figure 3D ). There were also increased lysosomes, as seen by immunofluorescence staining for lysosomal-associated membrane protein 2 (LAMP2), which is further evidence of an increase in hepatic autophagy (Supplemental Figure 7A) . P62 (also known as SQSTM1) is used as a marker of defective autophagy (17) . We examined levels of liver p62 in all 3 groups of mice at 3 and 6 weeks and did not observe differences by group at either time point (Supplemental Figure 8) , supporting our conclusion that increased LC3-II levels are indicative of increased 2H). Another possible pathway for the decrease in lipid accumulation in the apoB ASO-treated livers is an increase in the direct hepatic secretion of FAs (13) . However, there was no difference in the amount of 14 C-labeled FAs secreted from control ASO-and apoB ASO-treated hepatocytes ( Figure 2I ).
apoB ASO treatment for 6 weeks is associated with a marked increase in autophagy. Because we could not explain the lack of hepatic lipid accumulation in the apoB ASO-treated livers, electron microscopy (EM) was performed on liver samples from mice treated with each ASO. Livers from mice treated for 6 weeks with apoB ASO had a marked increase in autophagosome-like organelles throughout the cell ( Figure 3A ). To investigate this finding further, we measured levels of the autophagosomal marker microtubule-associated protein 1A/1B-light chain 3 (LC3-II) by immunoblotting in primary hepatocytes isolated from control ASO-and apoB ASO-treated mice. LC3-II is the lipidated form of LC3 that is required for incorporation of this protein into the membrane of the autophagosome and is a marker of autophagy from formation of the phagophore until fusion with the lysosome. There was a significant increase in the amount of LC3-II in the apoB ASO-treated hepatocytes compared with the amounts detected in control ASO-treated cells. Treatment of the hepatocytes with lysosomal inhibitors showed accumulation of LC3-II protein in both groups, with greater accumulation in the apoB ASO-treated hepatocytes, sitometry in Supplemental Figure 9 ). However, when we stained primary hepatocytes with ER-Tracker Red, we observed abnormal aggregates of ER in apoB ASO-treated cells ( Figure 4B ). Furthermore, examination of the autophagosomes identified in the electron micrographs revealed the presence of lamellar structures resembling ER ( Figure 4C ) (22) . Because the absence of steatosis in the apoB ASO-treated mice had become our focus and, as well, we were unable to isolate primary hepatocytes from MTP ASOtreated mice, all further studies on primary hepatocytes compared only control ASO-and apoB ASO-treated mice. apoB ASO treatment for 6 weeks is associated with increased autophagy of the ER. Given these results, we hypothesized that there was an increase in ER autophagy. We next performed immunofluorescence staining for LC3 anad calnexin, the latter as a markautophagic flux rather than of defects in the pathway. Decreased levels of p62 are not considered to be a consistent marker of increased autophagy (18, 19) .
apoB ASO treatment for 6 weeks causes abnormalities in the ER. Although apoB synthesis is markedly reduced in the livers of apoB ASO-treated mice, MTP is still present and able to transfer lipid from the ER membrane into the lumen of the ER where, with the near absence of apoB available to secrete the lipid, we believe it would accumulate. Since lipids have been shown to induce ER stress (20, 21) , we examined several markers of ER stress and the unfolded protein response (UPR) in apoB ASO-treated livers. Surprisingly, there was no increase in phosphorylated eIF2α (p-eIF2α), total GRP78, or spliced XBP1 in the livers of mice treated for 6 weeks with either apoB ASO or MTP ASO ( Figure 4A ; den- Figure 1G ) (original magnification, ×20,000) showing lamellae-like structures. Scale bar: 100 nm. (D) Representative images of liver sections that were incubated with anti-LC3 Ab (red) and anti-calnexin Ab (green) and then stained with DAPI (blue). Images were taken with a Nikon A1RPM microscope (original magnification, ×600). N = 3 livers per group; 5 images per liver. Scale bar: 20 μm. (E) Primary hepatocytes isolated from control ASO-and apoB ASO-treated mice were incubated with anti-LC3 Ab (red) and anti-calnexin Ab (green) and then stained for DAPI (blue). Images were visualized using a Nikon Ti Eclipse inverted confocal microscope and a 60×/1.49 NA oil lens. N = 3 hepatocyte isolations per group; 3 images per isolation. Scale bars: 10 μm. jci.org Volume 126 Number 10 October 2016
er of ER, on liver sections from control ASO-, MTP ASO-, and apoB ASO-treated mice ( Figure 4D ). In addition to the previously observed increase in LC3 staining, we found an increase in total calnexin staining, indicating the presence of more ER in the apoB ASO-treated group. When the 2 stains were merged, we observed clear colocalization of LC3 and calnexin, indicative of an increase in autophagy of the ER. This colocalization was not seen when immunofluorescence staining was performed for LC3 and voltage-dependent anion channel 3 (VDAC3), a marker of mitochondria, or perilipin 2 (PLIN2), a marker of LDs (Supplemental Figure 7B ). There was, however, colocalization of LC3 with LAMP2, a lysosomal membrane marker, in the apoB ASO-treated livers, especially around the nucleus (Supplemental Figure 7B ). We confirmed these results in primary hepatocytes costained for LC3 and calnexin ( Figure 4E ). In addition, we did not see an increase in PLIN2 or LC3 colocalization in isolated primary hepatocytes (Supplemental Figure 7C ). The specificity of the observed autophagy for retained ER lipids was supported by the absence of any effect of apoB ASO treatment on the secretion of other proteins, such as albumin or apoA-I, from the liver (Supplemental Figure 4) . apoB ASO treatment for 6 weeks results in decreased TG turnover as a result of compartmentalization of lipid. Our results to this point provided strong support for the stimulation of ER autophagy in response to the inability to secrete VLDL. However, the increased transfer of lipids trapped in the lumen of the ER to the autophagic pathway would not, by itself, account for the absence of increased steatosis in livers of apoB ASO-treated mice compared with livers from control ASO-treated mice. We hypothesized that if there was an increase in autophagy of the ER, as was observed in apoB ASO-treated livers, any TG that had entered the ER lumen would become "trapped" in the ER and eventually become cargo within the autophagic pathway. Such compartmentalization of TG in ER and autophagosomes would result in a decrease in the rate of turnover of TG in the apoB ASO-treated livers. To determine whether there was a slowed TG turnover in the apoB ASO-treated hepatocytes, we labeled primary hepatocytes with 3 H glycerol for 2 hours in order to create a pool of 3 H-labeled TG. We then measured how much of the labeled TG remained in the cell over a 24-hour period ( Figure 5A ). Over the first 8 hours, almost all of the 3 H-labeled TG remained in the apoB ASO-treated hepatocytes, while a steady decline in these labeled TG in the control ASO hepatocytes was observed over the same time period. However, between 8 hours and 24 hours, the amount of 3 H TG remaining in the apoB ASOtreated liver cells began to decline. At 24 hours, there was no difference in the amount of 3 H-labeled TG remaining in hepatocytes of the 2 groups. It is important to note that the delayed disappearance of TG occurred in the absence of any significant secretion of 3 H-labeled TG by the apoB ASO-treated hepatocytes over the entire time course of the experiment. Additionally, this slowed turnover was unique to TG, as there was no difference in the disappearance of phospholipid (PL) in the hepatocytes from control APO-and apoB ASO-treated mice (data not shown). fluorescence staining, increased LAMP2, a marker of lysosomes.
To characterize the physiologic status of these lysosomes, we used LysoSensor to determine their pH in primary hepatocytes: there were no differences in the lysosomal acidification capacity across the 3 groups of mice at 6 weeks, indicating that the lysosomes present in greater numbers in the apoB ASO-treated livers were functioning normally (Supplemental Figure 11) . To confirm that the increased FA oxidation in hepatocytes from apoB ASO-treated mice was dependent on lysosomal degradation of lipid, we labeled the hepatocytes for 16 hours with 14 C OA, followed by a 4-hour chase, but treated half of the cells with 50 μM chloroquine to block lysosomal activity (15) . The primary hepatocytes from apoB ASO-treated mice once again showed an increase in oxidation of 14 C OA in the nontreated cells as compared with hepatocytes from control ASO-treated mice ( Figure 5E ). This increase was blocked, however, by chloroquine treatment, indicating that the labeled lipid had to be hydrolyzed in the lysosome before being oxidized. While chloroquine treatment also significantly decreased FA oxidation in the control ASO-treated hepatocytes, this decrease was much smaller than that observed in the apoB ASO-treated cells. We also examined the role of the lysosome by inhibiting its functions with a combination of ammonium chloride and leupeptin and again observed a reduction of FA oxidation in apoB ASO-treated hepatocytes (Supplemental Figure 12) .
To determine whether autophagy was involved in the increase in FA oxidation by the lysosome in the apoB ASO-treated mice, we used 3-methyladenine (3-MA) to block the formation of autophagosomes. While treatment with 3-MA was associated with a modest increase in the amount of 14 C OA oxidized in the control ASOtreated hepatocytes, 3-MA dramatically reduced the elevated level of FA oxidation in the apoB ASO-treated hepatocytes as compared with that detected in the nontreated cells ( Figure 5F ). This result demonstrated that autophagy is necessary for the increase in FA oxidation observed in the apoB ASO-treated livers.
If the increase in FA oxidation is blocked by chloroquine or 3-MA, then there should be an accumulation of TG in the apoB ASO-treated hepatocytes. To test this, we extracted lipid from the cells at the end of the chase period and measured the amount of 14 C TG that remained in the cells. With both chloroquine and 3-MA treatment, we found a significant increase in the amount of 14 C-labeled TG remaining in those cells at the end of the experiment as compared with cells that had not received treatment ( Figure 5G ). Neither chloroquine nor 3-MA had any effect on the amount of 14 C TG remaining in the control ASO-treated hepatocytes. Furthermore, mice treated for 10 days with chloroquine (60 mg/kg/day) after 6 weeks of treatment with apoB ASO showed an increase in liver TG levels compared with mice receiving saline alone. Chloroquine had no effect on liver TG levels in mice treated with control ASO ( Figure 5H) .
Delayed FA oxidation in mice treated for 6 weeks with apoB ASO occurs in the mitochondria. To determine whether increased FA oxidation in apoB ASO-treated mice occurred in mitochondria, we incubated primary hepatocytes from control ASO-and apoB ASO-treated mice with etomoxir, an inhibitor of carnitine palmitoyltransferase I that blocks mitochondrial FA oxidation (25) . We found that etomoxir ablated the late increase in FA oxidation in apoB ASO-treated mice (Supplemental Figure 13) .
There is delayed but increased FA oxidation in 6-week apoB ASO-treated livers. Lipolysis of lipids within autolysosomes, with delivery of their FAs to mitochondria, could lead to oxidation that would compensate for the lack of secretion of VLDL, but our studies of FA oxidation in primary hepatocytes had not demonstrated differences between cells from control ASO-and apoB ASO-treated mice ( Figure 2G) . We considered the possibility that the 2-hour labeling-collection protocol used for those studies was too short to observe the oxidation of 14 C OA which, after incorporation into lipids in the ER membrane, would have to move to the lumen, then be incorporated into autophagosomes that would have to fuse to lysosomes before the lipids could be hydrolyzed to allow released 14 C OA to finally be oxidized by mitochondria. This schema is supported by published data demonstrating that the peak fusion of autophagosomes with lysosomes can occur as late as 16 hours after stimulation of autophagy (23, 24) .
To test this model of delayed oxidation, we performed a timecourse FA oxidation study, in which we once again labeled primary hepatocytes with 14 C OA for 2 hours, but then chased the cells for 16 hours with label-free media, changing the media every 4 hours. At the end of each 4-hour chase period, we measured the amount of 14 CO 2 and ASMs produced ( Figure 5B ). As with our earlier experiment ( Figure 2G ), there was no difference in the amount of FA oxidation measured in control ASO-and apoB ASO-treated hepatocytes at the end of the 2-hour labeling period. We also observed no difference after the first 4-hour chase period. However, there was a significant increase in oxidation of 14 C OA in the apoB ASO-treated hepatocytes, as compared with control cells, during each subsequent 4-hour chase period, starting at the 8-hour collection point ( Figure 5B ). When we added up all the 14 C OA that was oxidized over the entire 16-hour chase period, we found a significant increase in FA oxidation in the apoB ASO-treated hepatocytes as compared with control ASO-treated hepatocytes ( Figure 5C ). In one experiment, media from parallel wells were collected for lipid extraction, and the amount of 14 C TG that was secreted over the same time periods was measured ( Figure 5D ). As expected, we found significantly more 14 C TG secretion in the control ASO-treated hepatocytes compared with apoB ASO-treated cells during the 4-, 8-, and 12-hour chase periods. In fact, when the amount of 14 C TG secreted by the control cells was summed for the entire chase period, it was approximately equal to the amount of 14 C OA that was oxidized by the apoB ASO-treated cells over the same time period. These results indicate that inhibition of the secretion of TG in apoB ASO-treated livers results in a compensation characterized by increased oxidation of FA via the autophagic pathway. This increase in autophagy-mediated FA oxidation enabled the apoB ASO-treated livers to maintain lipid homeostasis, thereby avoiding hepatic steatosis.
Given the finding of delayed but increased FA oxidation in apoB ASO-treated hepatocytes, we determined the levels of β-hydroxybutyrate in serum at 3 and 6 weeks of ASO treatments and found no differences among the 3 groups of mice (Supplemental Figure 10) .
Inhibition of either lysosomal degradation or autophagy blocks FA oxidation in 6-week apoB ASO-treated hepatocytes. The delay in oxidation of FAs in newly synthesized (radiolabeled) lipids in apoB ASO-treated mice was consistent with the time required for transport of autophagosomes through the autophagic pathway to the lysosome (23, 24) . As noted earlier, we observed, by immuno-jci.org Volume 126 Number 10 October 2016
phagy, accompanied by increased FA oxidation, was blocked by treatment with chloroquine (Supplemental Figure 14 , D-G). Treatment of both C57BL/6J and apobec-1-KO mice with a small-molecule inhibitor of MTP (BMS-212122) resulted in a suppression of VLDL secretion and steatosis similar to that observed with MTP ASO (data not shown).
Knockdown of apoB using ASO in C57BL/6J mice. We repeated the experiments in C57BL/6J mice using control ASO and apoB ASO for 6 weeks. We observed a significant decrease in both TG and apoB secretion in apoB ASO-treated mice but found no significant differences in hepatic TG levels among the mice treated with apoB ASO or control ASO (Supplemental Figure 14, A-C) . ER auto- pared with levels detected with control ASO treatment ( Figure  6C ). Furthermore, we found no significant difference in hepatic TG levels between mice receiving apoB ASO and those receiving MTP ASO treatment for 3 weeks. This was confirmed by oil red O staining on liver sections, which showed that apoB ASO-and MTP ASO-treated livers had LDs that were similar in size and number ( Figure 6D ). Concomitant with increased hepatic steatosis, and in contrast to our findings after 6 weeks of apoB ASO treatment, we observed increases in markers of ER stress, including GRP78 ( Figure 6E ; densitometry in Supplemental Figure 15 ) and XBP1 splicing (Supplemental Figure 15) , in the apoB ASO-treated livers compared with both control ASO-and MTP ASO-treated livers. Also contrary to 6 weeks of treatment, we found no difference in the levels of LC3-II as measured by immunoblotting, with or without lysosomal inhibitors, in primary hepatocytes isolated after 3
Mice treated for 3 weeks with apoB ASO have increased hepatic TG levels and evidence of ER stress, but no increased autophagy.
As previously noted, we did not observe an increase in ER stress after 6 weeks of apoB ASO treatment, a surprising result because of the assumed increase in lipid trapped in the lumen of the ER in this model of inhibited VLDL secretion. Therefore, we examined the liver phenotype of apoB ASO-treated mice after just 3 weeks of treatment. Knockdowns of hepatic MTP and apoB gene expression were comparable to those seen after 6 weeks of ASO treatment (data not shown). Secretion of VLDL-TG and apoB was also decreased to a degree similar to that seen after 6 weeks of each ASO treatment ( Figure 6, A and B) , as were plasma cholesterol levels (Supplemental Figure 2) . However, in contrast to the effect of 6 weeks of apoB ASO treatment, we observed a significant increase in hepatic TG levels after 3 weeks of apoB ASO com- Figure 8 . ATG7 ASO inhibits autophagy in apoB ASO-treated mice but has no effect on either TG secretion or liver TG, despite an increase in liver weight. Increased ER stress and apoptosis were also evident. Apobec-1-KO mice were treated with apoB ASO for 6 weeks, and either control or ATG7 ASO was added for the final 3 weeks. (A) Liver homogenate was run on an SDS-PAGE and immunoblotted for ATG7, LC3, p62, and actin. N = 5-6 livers per group. (B) Triton WR1339 was injected i.v., blood samples were obtained every 30 minutes over the next 120 minutes, and plasma TG levels were measured. N = 2-3 mice per group. (C) Livers were weighed at the time of euthanization. N = 5-6 livers per group. *P < 0.05, by Student's t test, for apoB plus ATG7 ASO versus apoB ASO control. (D) Liver lipids were extracted, and TG was measured enzymatically. N = 5-6 livers per group. (E) Primary hepatocytes were labeled with 14 C OA for 2 hours, and then unlabeled chase media were added and collected every 4 hours over a 16-hour period. N = 6 wells from 2 mice per group. *P < 0.05, by Student's t test, for apoB plus ATG7 ASO versus apoB ASO control. (F) The total amount of 14 C OA oxidized over the 16-hour time points was summed for each group of mice. N = 6 wells from 2 mice per group. (G) Liver homogenate was run on a 10% SDS-PAGE and immunoblotted for the ER stress markers GRP78, p-eIF2α, and actin. N = 5-6 livers per group. (H) Liver homogenates were run on 8% or 12% SDS-PAGE and immunoblotted for various markers of apoptosis, either total or cleaved. N = 5-6 livers per group. All values represent the mean ± SD. jci.org Volume 126 Number 10 October 2016
unable to see colocalization of BODIPY and calnexin in primary hepatocytes after 3 weeks of apoB ASO treatment (Supplemental Figure 16 ). We did, however, observe marked increases in the smooth ER content of liver cells from mice treated with apoB ASO for 3 weeks ( Figure 7E and Supplemental Figure 17 ). To better characterize the changes in the ER observed by EM at 3 and 6 weeks, we isolated ER (26) from control ASO-and apoB ASO-treated livers and determined lipid levels by mass spectrometry. ER TG and ER diglyceride (DG) levels fell dramatically between 3 and 6 weeks. During the same interval, phosphatidylcholine (PC) levels rose slightly but significantly, whereas phosphatidylethanolamine (PE) increased by almost 3-fold (Supplemental Figure 18 ). These changes in levels of key PLs in the ER might be a reflection of the presence of ER stress at 3 weeks, which has been shown by Fu et al. (27) to be associated with an increased ratio of PC to PE. Those investigators also showed that reversal of this ratio led to a return to ER homeostasis, which we observed to be temporally associated with an increase in PE at 6 weeks. The weeks of either control ASO or apoB ASO treatment ( Figure 6F ). We also observed no difference in immunofluorescence staining for LC3 after apoB ASO treatment compared with control ASO or MTP ASO treatment in either liver sections or primary hepatocytes ( Figure 6, G and H) . Furthermore, p62 levels did not differ across the 3 groups of mice (Supplemental Figure 8) .
Three weeks of apoB ASO treatment does not induce ER autophagy. Staining with ER-Tracker Red in primary hepatocytes treated with ASO for 3 weeks showed no difference between control and apoB knockdown ( Figure 7A ). Additionally, there was no increase in the colocalization of LC3 and calnexin in either the apoB ASOtreated liver sections or primary hepatocytes (Figures 7, B and C) , indicating that there was no increase specifically in ER autophagy. Finally, electron micrographs showed no increase in autophagosomes in the livers treated with apoB ASO for 3 weeks compared with both the control ASO-and MTP ASO-treated livers ( Figure  7D ). Although we hypothesized that TG trapped in the ER lumen was the signal for ER stress and, later, for autophagy, we were ment to see whether even greater hepatic lipid accumulation would be observed after 6 weeks of treatment. After 3 weeks of apoB ASO treatment, half of the mice continued to receive apoB ASO alone for the final 3 weeks, while the other half were also injected with ASO against ATG7, a protein that is necessary for the formation of LC3-II and therefore essential for initiation of autophagy. ATG7 ASO treatment resulted in a complete absence of LC3-II protein and accumulation of p62, indicative of decreased autophagy (Figure 8A) , without affecting TG secretion in either group ( Figure 8B ). apoB-ATG7 ASO livers were significantly larger than the apoB ASO livers, but liver TG levels were similar (Figure 8, C and D) . Primary hepatocytes were isolated, and we repeated the timecourse FA oxidation study. When the total amount of 14 C OA oxidized over the entire chase period was summed, we found no significant difference between the apoB ASO-and apoB-ATG7 ASO-treated groups. However, although we replicated the previously observed delayed FA oxidation in the apoB ASO-treated hepatocytes, labeled FA was oxidized during the early time points in the apoB-ATG7 ASO-treated group, indicating that the lipid being oxidized did not traverse the autophagic pathway ( Figure 8, E and F) .
Furthermore, in contrast to apoB ASO treatment alone, inhibition of autophagy during the last 3 weeks of apoB ASO treatment was associated with continued ER stress and an increase in several markers of apoptosis (Figures 8, G and H) . Thus, increased autophagy of the ER in the apoB ASO-treated hepatocytes between 3 and 6 weeks of treatment was protective; failure to upregulate ER autophagy after 3 weeks of apoB ASO treatment, in this instance because of suppression of ATG7 synthesis, resulted in the persistence of ER stress and the UPR, ultimately triggering apoptosis and signs of cell death by 6 weeks. In association with the evidence for apoptosis and hepatotoxicity, we observed increased oxidation of the lipids that were not secreted, but this did not occur via autophagy.
Discussion
Hepatic lipid homeostasis is maintained by a balance of inputs, including uptake of circulating albumin-bound FA, uptake of FA carried in TG by chylomicron and VLDL remnants, and DNL, and outputs, including VLDL secretion and FA oxidation (29) . Any increase in hepatic lipid uptake or DNL that is not balanced by an increase in FA oxidation or VLDL secretion will result in accumulation of hepatic TG, known as steatosis. The clinical relevance of the loss of hepatic lipid homeostasis is evident from both the very high prevalence of nonalcoholic fatty liver disease (NAFLD) associated with obesity and insulin resistance and the demonstrated progression of NAFLD to end-stage liver disease (30) . By comparing the effects on hepatic steatosis of inhibiting either MTP or apoB synthesis, we have generated data that (a) add ER autophagy to the previously well-characterized pathways for maintaining hepatic lipid homeostasis, including lipophagy (31); (b) provide insights into a rapidly expanding area of work linking ER stress to autophagy (32); (c) suggest new approaches to studying the partitioning of newly synthesized hepatic lipids between the ER and cytosolic LDs (33); and (d) offer the possibility that inhibition of VLDL secretion, a potentially powerful target for lowering all atherogenic apoB lipoproteins, might be possible with only minimal or modest increases in steatosis.
PC/PE ratios did not differ between control ASO-and apoB ASOtreated mice at 3 weeks, but the PC/PE ratio was markedly lower in the apoB ASO-treated group at 6 weeks (data not shown). These results are consistent with the increase in PE in the ER at 6 weeks (Supplemental Figure 18) . On the basis of the work of Fu et al. (27) , we also determined hepatic expression of phosphatidylethanolamine N-methyltransferase (PEMT), the enzyme that converts PE to PC and found it to be similar in all 3 groups of mice at both time points (Supplemental Figure 19) . It is interesting to note that covalent binding of PE to LC3-I converts the latter to the active LC3-II form at the initiation of autophagy.
Activation status of AMPK and mTOR differs at 3 and 6 weeks, consistent with a shift from ER stress to ER autophagy. The shift from ER stress to autophagy between 3 and 6 weeks of apoB ASO treatment suggested changes in the activity of AMPK, which has been implicated as a trigger of autophagy, and mTOR, a key regulator of autophagy (28) . Phosphorylation of AMPK tended to be increased at 3 weeks, but not at 6 weeks, in apoB ASO-treated mice (Supplemental Figure 20) , whereas phosphorylation of mTOR was significantly increased at 3 weeks, but was not different between groups at 6 weeks.
Activation of CaMKII did not change between 3 and 6 weeks of apoB ASO treatment. The shift from ER stress to ER autophagy between 3 and 6 weeks also suggested changes in ER calcium homeostasis. Calcium/calmodulin-dependent protein kinase II (CaMKII) is phosphorylated, and thereby activated, when ER calcium homeostasis is disrupted, and cytosolic calcium increases as a result. We did not find differences in CaMKII phosphorylation among the 3 groups of mice at either 3 or 6 weeks of ASO treatment (Supplemental Figure 21) .
Three weeks of apoB ASO treatment increases FA oxidation, but the increase is not delayed. We measured FA oxidation in primary hepatocytes isolated from mice treated for 3 weeks with control or apoB ASO by once again labeling the hepatocytes with 14 C OA for 16 hours, followed by a 4-hour chase. We observed a significant increase (90%) in the amount of 14 CO 2 and 14 C ASMs produced in the apoB ASO group as compared with that seen in the control ASO group ( Figure 7F) . Importantly, the increase in FA oxidation after 3 weeks of apoB ASO treatment was neither as great as that seen after 6 weeks of apoB ASO treatment ( Figure 7G ), nor was it delayed ( Figure 7F ). The modest nature of this increase in FA oxidation was paralleled, as noted earlier, by an absence of differences in serum β-hydroxybutyrate levels across the 3 groups of mice (Supplemental Figure 10) . These latter observations are consistent with the finding of an increase in liver TG levels after 3 weeks of apoB ASO treatment that was not seen at 6 weeks. To confirm that neither autophagy nor lysosomes played a role in the increased FA oxidation observed after 3 weeks of administration of apoB ASO, primary hepatocytes were treated with either 3-MA or chloroquine prior to measurement of FA oxidation. There was no significant decrease in FA oxidation with either treatment as compared with nontreated apoB ASO or control ASO-treated hepatocytes (Figures 7, H and I) .
Inhibition of autophagy using ATG7 ASO causes apoptosis in apoB ASO-treated livers. Increased lipid accumulation after 3 weeks of apoB ASO treatment with evidence of ER stress, but not autophagy, led us to inhibit autophagy starting after 3 weeks of apoB ASO treat-jci.org Volume 126 Number 10 October 2016
strated by the (a) disappearance of ER stress by 6 weeks when ER autophagy was active; (b) marked reductions in ER levels of TG and DG by 6 weeks compared with levels at 3 weeks; and (c) persistence of ER stress and the appearance of several markers of apoptosis, including cleaved caspase 12, which has been shown to be specifically induced by ER stress (42) , when initiation of autophagy was blocked by ATG7 ASO treatment. The increased FA oxidation we observed when autophagy was blocked and which, like autophagy, prevented steatosis in the apoB ASO-and ATG7 ASOtreated mice, very likely resulted from lipids released directly from "sick" ER; we will attempt to better characterize this observation in future studies. Our model should, however, lead to a better definition of the link between ER stress and autophagy that, despite being the focus of a significant number of publications in the past several years, remains incompletely characterized (32, (43) (44) (45) . In particular, whether ER autophagy occurs by nonselective or selective autophagy and whether micro-or macroautophagy or both are involved are questions in an ongoing area of intense investigation (46) (47) (48) (49) . Our findings that the increased FA oxidation is blocked by treatment with 3-MA, together with the loss of delayed FA oxidation in mice treated with ATG7 ASO, support the idea of selective macroautophagy as the pathway stimulated by inhibition of VLDL assembly and secretion. Recent work identifying key proteins involved in the trafficking and turnover of the ER, such as ATG39/40 (50) and members of the related FAM134 family of reticulon proteins (51), can be the focus of future experiments using our model of ER autophagy. Movement of newly synthesized lipids from the ER membrane to either cytosolic droplets or the lumen of the ER, where they can be incorporated into VLDL, has stimulated significant interest for several decades among scientists studying hepatic lipid metabolism (52, 53) . Although studies of the cell and molecular biology of LDs have expanded dramatically in the past 10 years (33), basic questions, such as what determines the direction that newly synthesized ER lipids take, whether luminal TG that is ultimately secreted in VLDL has to first move to an LD after synthesis and undergo lipolysis before returning to the ER, and whether ER luminal TG can move back to the ER membrane and then to LDs, remain fully or partially unanswered. Our use of ASOs against MTP and apoB has provided some insights into these questions. For example, if ER luminal lipids/TG can move to the cytosol when the secretory pathway is unavailable, we should have seen as much steatosis with apoB ASO as with MTP ASO treatment, and no autophagy. Preliminary studies in which we have administered both MTP ASO and apoB ASO resulted in the phenotype observed in mice treated only with MTP ASO, i.e., there was significant steatosis and no increase in autophagy. This result indicates that autophagy only occurs in our model when ER membrane lipid can be transferred to the ER lumen. Our results also raise questions regarding the long-held model in which LD TG is the source of ER luminal TG that is secreted in VLDL; if this were the case, then ER autophagy could have targeted cytosol-derived lipids (from LD turnover) for oxidation via autophagy, possibly reducing hepatic TG in apoB ASO-treated mice to levels even below those seen in the control ASO-treated mice. We believe that by using these ASOs, along with others, such as ASOs against diacylglycerol O-acyltransferases 1 and 2 (DGAT1 and DGAT2), Autophagy is used by cells and organs to generate energy during nutrient deprivation and to maintain cellular homeostasis of proteins and organelles (34) . However, impaired autophagy, including the recently characterized lipophagic pathway (15) , can contribute to hepatic steatosis and insulin resistance (21, 31, 35) . We used apoB ASO to create a unique perturbation, in which MTP-mediated transfer of newly synthesized lipids, particularly TG, from the ER membrane into the ER lumen is intact but is not followed by apoB-mediated transport of those lipids to the downstream components of the secretory pathway and out of the hepatocyte. Our results demonstrate clearly that the response to this discordance between lipid movement into the ER lumen (36) and the absence of VLDL assembly was ER-specific autophagy: increased ER with abnormal aggregates, increased LC3-II that colocalized with calnexin, and the absence of colocalization of LC3-III with markers of mitochondria or LDs. Of note, autophagy of the ER did not disturb the secretion of albumin or apoA-I, suggesting that this autophagy was restricted to regions where, we assume, lipid was accumulating. Importantly, ER autophagy alone would not have been adequate to maintain lipid homeostasis; our demonstration of delayed but increased FA oxidation provided crucial support for our model. That the increased FA oxidation occurred via the autophagic pathway was demonstrated by the effects of chloroquine, ammonium chloride/leupeptin, and 3-MA: each treatment inhibited FA oxidation in primary hepatocytes from apoB ASO-treated mice, resulting in the accumulation of TG. We also showed that FA oxidation occurred via mitochondria. In vivo chloroquine treatment also increased whole-liver TG levels in apoB ASO-treated mice. The lack of an association of autophagosomes with LDs in apoB ASO-treated mice indicated that we were not seeing an increase in lipophagy, as described by Singh et al. (15) . The absence of lipophagy in either apoB ASP-or MTP ASO-treated mice was surprising, but might have been related to our use of a diet high in total and saturated fats (15) .
Our studies after 3 weeks of apoB ASO treatment indicated that ER stress, which we expected but did not observe at 6 weeks, preceded the appearance of ER autophagy. ER stress is caused by various perturbations, including excess hepatic lipids, and is characterized by misfolding of ER proteins, leading to upregulation of the UPR (37), which is associated with increased lipid synthesis (38) and inhibition of VLDL secretion (20) . Previous studies have demonstrated that LDs without apoB are present in the lumen of the smooth ER in normal livers (39) and accumulate in the secretory pathway of the intestines of mice lacking apoB but with normal MTP levels in that organ (40) . We believe that this was occurring in the liver of our apoB ASO-treated mice, as indicated by expansion of the smooth ER after 3 weeks of apoB ASO treatment, although ER expansion is a concomitant of ER stress in general (41) . Further studies will be required to identify the pathway linking the accumulation of unsecreted lipids in the ER to ER stress, particularly regarding the role of protein misfolding. Our results indicate, however, that ER stress, stimulated by a continuous flow of newly synthesized lipids that are trapped in the lumen of the ER, triggers specific ER autophagy. Changes in AMPK and mTOR phosphorylation between 3 and 6 weeks are consistent with the temporal change from ER stress to ER autophagy that we observed. The critical role of the latter pathway is clearly demon-jci. FA oxidation measured in primary hepatocytes. Two hours after the plating of primary hepatocytes in 6-well plates, the media were changed to DMEM with 1.5% BSA, 0.1 mM OA, and 14 C OA (1 μCi/ ml). The cells were incubated with the labeled media for 2 hours. In some experiments, the labeled media were collected for FA oxidation measurement, while in others, the media were changed to DMEM with 1.5% BSA only for repetitive 4-hour chases up to 16 hours before collection for FA oxidation measurement. In other experiments, cells were incubated with labeled media for 16 hours and then chased with DMEM with 1.5% BSA for 4 hours, after which the media were collected for FA oxidation measurement. In some experiments, either 50 μM chloroquine, 5 mM 3-methyladenine, 20 mM ammonium chloride plus 100 μM leupeptin, or 200 μM etomoxir was added. At the end of the labeling or chase period, the media were transferred to 25-ml sealed Erlenmeyer flasks. Lipid oxidation was stopped with the addition of 200 μl of 70% perchloric acid to the bottom of the flask, driving the bicarbonate into CO 2 .
14 CO 2 was captured on a piece of KOHsoaked filter paper. After incubating the filter paper in the flask for 1 hour at room temperature, the filter paper was analyzed for 14 C activity by liquid scintillation counting of 14 CO 2 . The media remaining in the flask were collected and a fraction counted for 14 C as a measure of ASM production. After the labeled and chase media were removed at we will be able to better characterize the pathway of newly synthesized TG between the cytosol and ER. Finally, our results, which included a significant reduction in plasma cholesterol levels in the apoB ASO-treated mice, raise the possibility that, by increasing autophagy, particularly ER autophagy, we may be able to reduce the secretion of VLDL and plasma levels of atherogenic lipoproteins without causing hepatic steatosis. If inhibition of apoB synthesis was coupled with stimulation of autophagy, treatments with drugs that block VLDL secretion might not be limited in dose or potency by hepatic steatosis. In a similar fashion, inhibition of the movement of newly synthesized TG from the ER to the LD, so that the TG would be forced to move into the ER lumen, with secondary stimulation of autophagy, might also produce lower plasma lipoproteins without hepatic steatosis.
In summary, knockdowns of MTP and apoB were equally efficacious at inhibiting VLDL secretion, but only the knockdown of MTP was associated with hepatic lipid accumulation. The attenuated hepatic lipid storage phenotype observed with the knockdown of apoB was attributable to an increase in autophagy that targeted the lipid trapped in the ER to the lysosome. FA generated by lysosomal lipases were released and oxidized by mitochondria. This schema is depicted in Figure 9 .
Methods
See Supplemental Methods for additional details. Animal care. apobec-1-KO mice (provided by Nicholas Davidson, Washington University, St. Louis, Missouri, USA) and C57BL/6 mice (The Jackson Laboratory) were housed 3-4 mice per cage in a climate-controlled room with a 12-hour light/12-hour dark cycle. Animals were fed ad libitum a Western-type HFD containing 4.5 kcal/g of food with 21% (w/w) fat (polyunsaturated/saturated = 0.07) and 0.15% (w/w) cholesterol. The HFD consisted of 42% of calories from fat (29% of which were from saturated fat) and 30.5% from sucrose (Harlan Teklad; TD88137).
ASO studies. Mice (12-24 weeks old) on a HFD for 3 or 6 weeks were injected i.p. biweekly with 50 mg/kg ASO directed against apoB (ISIS 147764), MTP (ISIS 144477), or scrambled (control; ISIS 299705) messages for 6 weeks. The ASOs were 20-mer phosphorothioate oligonucleotides containing 2′-O-methoxyethyl groups at positions 1-5 and 15-20 and were provided by Ionis Pharmaceuticals. At the end of studies, animals were anesthetized with ketamine/xylene and euthanized by cervical dislocation. Livers were either quickly excised, flash frozen, and kept at -80°C until analyzed, or primary hepatocytes were isolated.
Liver lipids. Approximately 100 mg of liver tissue was homogenized in 3 ml of PBS. The homogenizer generator was rinsed with ethanol and water between samples. After homogenization, the lipids were isolated by Folch extraction (final chloroform/methanol/water solution = 8:4:3). The organic layer was carefully evaporated with liquid nitrogen to dryness. The sample was reconstituted in 1 ml of 15% Triton X-100 in chloroform, which was evaporated with nitrogen and resuspended in 1 ml of water. TG and cholesterol concentrations were measured enzymatically (Wako Chemicals).
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the end of the experiment or time point, lipid was extracted from the cells by adding 2 ml of 3:2 hexane/isopropanol directly to the 6-well plate for 2 hours. The hexane/isopropanol was collected, and 2 additional extractions with 1 ml of hexane/isopropanol were performed. The lipid extract was dried under N 2 gas, resuspended in hexane, and spotted on silica 60 TLC plates. The lipid was separated using a mobile phase of hexane/diethyl ether/acetic acid (70:30:1) and visualized using iodine. The PL, TG, FA, and cholesterol ester (CE) spots were scraped, and the 14 C counts in each spot were measured using a beta counter (Beckman Coulter). Total protein was recovered by solubilizing the remaining cells in the 6-well plate in 0.1N NaOH and measured using bicinchoninic acid (BCA) assay (Pierce, Thermo Fisher Scientific). Lipid counts were then normalized to total cell protein.
Statistics. Data are presented as the mean ± SD. Differences in the mean values between 2 groups were assessed using a 2-tailed Student's t test. Differences in mean values among more than 2 groups were assessed by ANOVA. A P value of less than 0.05 was considered statistically significant. When ANOVA was significant, we used a Tukey's post test for individual comparisons.
Study approval. All animal procedures were approved by the IACUC of Columbia University.
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